The Regab pockmark is a large cold seep area located 10 km north of the Congo deep sea channel at about 3160 m water depth. The associated ecosystem hosts abundant fauna, dominated by chemosynthetic species such as the mussel Bathymodiolus aff. boomerang, vestimentiferan tubeworm Escarpia southwardae, and vesicomyid clams Laubiericoncha chuni and Christineconcha regab. The pockmark was visited during the West African Cold Seeps (WACS) cruise with RV Pourquoi Pas? in February 2011, and a 14,000-m 2 high-resolution videomosaic was constructed to map the most populated area and to describe the distribution of the dominant megafauna (mussels, tubeworms and clams). The results are compared with previous published works, which also included a videomosaic in the same area of the pockmark, based on images of the BIOZAIRE cruise in 2001. The 10-year variation of the faunal distribution is described and reveals that the visible abundance and distribution of the dominant megafaunal populations at Regab have not changed significantly, suggesting that the overall methane and sulfide fluxes that reach the faunal communities have been stable. Nevertheless, small and localized distribution changes in the clam community indicate that it is exposed to more transient fluxes than the other communities. Observations suggest that the main megafaunal aggregations at Regab are distributed around focused zones of high flux of methane-enriched fluids likely related to distinct smaller pockmark structures that compose the larger Regab pockmark. Although most results are consistent with the existing successional models for seep communities, some observations in the distribution of the Regab mussel population do not entirely fit into these models. This is likely due to the high heterogeneity of this site formed by the coalescence of several pockmarks. We hypothesize that the mussel distribution at Regab could also be controlled by the occurrence of zones of both intense methane fluxes and reduced efficiency of the anaerobic oxidation of methane possibly limiting tubeworm colonization.
to slow and steady fluxes of reduced compounds (Nix et al. 1995 , Fisher et al. 1997 because distribution patterns of the dominant symbiont-bearing, habitat-creating taxa 1 are linked to methane and sulfide levels and fluxes, and substrata (Sahling et small, and to allow more flexibility in the construction of the final areal mosaic. 5
GIS and spatial analyses 6
The separate lines were imported and geo-referenced into ArcGIS. Geo-referencing 7 was done with the ROV navigation data, but caution was taken that corresponding 8 features between overlapping segments match on the same points. 9
For all mosaics, surficial features were manually delineated and polygons were 10 created in ArcGIS to map the spatial distribution of each feature. Mapped features are 11 similar to those used for the Biozaire mosaic (Olu-Le Roy et al. 2007a) , and the main 12 categories are: dense Mytilidae, sparse Mytilidae, dead Mytilidae, Escarpia-Mytilidae 13 co-occurrence, dense E. southwardae, sparse E. southwardae, juvenile E. 14 southwardae, recumbent E. southwardae, senescent E. southwardae, living 15 Vesicomyidae, mixed (living and dead) Vesicomyidae, dead Vesicomyidae, carbonate 16 concretions ( Figure 3 ). Areas of coverage were computed for each non-sparse 17 category in ArcGIS, using the Mollweide equal-area projection. 18
The dense Mytilidae category refers to areas where the living mussel distribution is 19 almost continuous and where the substratum is rarely visible. Conversely, sparse 20
Mytilidae applies to areas where the substratum is clearly visible between the 21 individuals. Such distinction was not made for the dead Mytilidae category. The dense 22 E. southwardae category refers both to single large bushes of adult tubeworms, and to 23 fields of bushes of adult tubeworms, whereas the sparse E. southwardae category 24 corresponds to areas where bushes of adult tubeworms are not closely distributed and 1 contain relatively few tubes (roughly 10 or less). The juvenile E. southwardae 2 category refers to bushes where tubeworms are of strikingly small size in comparison 3 to the adult community. The recumbent E. southwardae category designates bushes 4 where tubes are disposed horizontally, and the senescent category refers to dead 5 individuals and individuals in poor condition whose tubes lie on the seafloor. Patches 6 of vesicomyid clams are categorized either as living, mixed (dead and living) or dead. 7
Living clams are normally half buried and stand upright in the sediments, whereas 8 dead clam shells are generally open and lying in the sediments. The 'mixed' category 9 refers to patches that contain both living and dead clams. Carbonate crusts were 10 mapped only where concretions could clearly be seen on the images, and the mapped 11 areas often do not include the carbonated crusts that underlie the tubeworm 12 population, the dense mussel beds, or thin sediment covers. 13
The delineation process was supported by the use of the full HD resolution video files, 14 particularly for differentiating clams from mussels and living bivalves from dead 
BIOZAIRE mosaic 21
The BIOZAIRE mosaic corresponds to the 'mosaic 2' described in the literature (Olu-22 Le Roy et al. 2007a ). Due to the absence of navigation data, the BIOZAIRE mosaic 23 was never geo-referenced. But surfaces could be calculated anyway from the altitude 24 of survey and the camera parameters. In this work we used the new WACS mosaic to 1 geo-reference each individual segment (76 segments) of the BIOZAIRE mosaic, with 2 an average root-mean-square (RMS) error of 0.03 m (SD = 0.1 m) and a maximum 3 RMS error of 0.4 m. The geo-referencing was done in ArcGIS by registering features 4 common to both mosaics, such as unchanged carbonate concretions, patches of dead 5 shells, detritus and also bushes of tubeworms. The advantage of this technique is that 6 it reduces the discrepancies between both mosaics, no matter how accurate the geo-7 referencing of the WACS mosaic is. In other words, the same polygon should have the 8 same surface on both mosaics and patch sizes should be directly comparable, with a 9 low relative error. However, differences in angles of perspective, in image quality, in 10 visibility and in precision of delineation process also occur and cause some 11 discrepancies in the computed areas. Digitized polygons for living and dead mussel 12 patches are the most affected by such discrepancies. 13 In order to keep consistency with the published work, BIOZAIRE polygons were not 14 redrawn. Instead, the original polygons, drawn in Photoshop by Olu The surveyed zone almost fully covers a 14,000 m²-large rectangular area directed in 3 a southwest-to-northeast direction (Figure 1 ). Direct mapping of the main faunal 4 assemblages and visible carbonate concretion areas is available for the entire study 5 area (Figure 4a ). It shows that the substratum is composed either of soft sediments or 6 of harder carbonate concretions and that the faunal distribution is spatially non-7 uniform but instead is divided into areas of high and low fauna presence. Areas of 8 high fauna presence can in turn be categorized based on the dominant type of fauna 9
( Figure 4b) . 10 Carbonate concretions were visible over a large portion of the survey area (Figure 4b ). 11
The total measured extent exceeds 4400 m 2 . This is however a minimum estimation 12 since it does not include carbonate concretions that were not directly visible at the 13 surface, i.e. concretions covered by sediments or underlying fields of tubeworms and 14 mussels. 15 
Mussel distribution 18
The map of faunal distribution (Figure 4a) shows that large mussel beds were round-19 shaped and always adjacent to the tubeworms fields. At the limit between the two 20 aggregations, a transition zone with co-occurrence of mussels and tubeworms was 21 often observed. In these transition zones mussels were present on the substratum 22 between the tubeworms but they were also attached onto the tubeworms themselves. 23 The mosaic and video material from ROV dives also indicated that areas of mussel 1 occurrence tended to coincide with areas of hard substrata, i.e. of carbonate 2 concretions, either bare or with thin sediment cover. Indeed, very few mussels were 3 observed on soft sediment areas; however, because the substratum type cannot be 4 reliably identified from the images under all mussel aggregates, the proportion of 5 mussel aggregates that were located in soft sediments could not be quantified. 6
The dense mussel category within the study area covered a total area of 414 m 2 ( Table  7 1) and was mostly concentrated in two main (M2/M3, M1) and one minor (M4) areas 8 (Figure 4b ). 9
The largest mussel area, known from the Biozaire mosaic as "M2/M3", stretched out 10 over 20 m and 26 m in the SW-NE and NW-SE directions respectively; it had an 11 approximate surface of 450 m 2 , of which at least 300 m 2 were covered by dense 12 mussels. Observations of video footages showed that a large part of the dense 13 population in this area was located at the bottom of a depression between boulders of 14 carbonate concretions (Figure 4a ). This mussel bed stretched out towards the north 15 boundary of the mosaic and likely extended further. 16 The second main mussel area ("M1") was located at about a hundred meters to the 17 southwest of the first one. It was composed of two beds of dense living mussels, one 18 of about 45 m 2 and the other of about 30 m 2 . The population was almost entirely 19 surrounded by dense bushes of tubeworms but image material shows that mussels 20 were also present, although at a lower density. Patches of dead mussels seemed to be 21 larger at M1, whereas the abundance of living mussels was visibly lower than at 22
M2/M3. 23
Additionally a minor mussel patch was present at the northeastern limit of the mosaic. 24 In this area, the densest mussel bed covered an area of less than 10 m 2 , but was likely 1 to extend over the limit of the mapped area. This area is referred to as "M4". 2
3

Tubeworm distribution 4
The majority of the tubeworm population within the area of study was concentrated in 5 dense bushes. Bushes of tubeworms were in some places isolated but occurred more 6 commonly in large and dense fields. In either case, living tubeworms seemed to occur 7 only on carbonate concretions and mostly around the main mussel areas. However, the 8 substratum under dense tubeworms was not always visible on the images, and it could 9 not be ascertained whether all living tubeworms in the area of study occurred on 10 carbonate concretions. 11
The largest field with high tubeworms density was up to 1400 m 2 in area and was 12 located near the middle of the study area, west-northwest of M2/M3. This area was 13 more elevated than in the rest of the study area. This was due to the presence of 14 blocks of hard concretions that gave the relief a rugged surface. A relatively high 15 visible abundance of mussels was observed within the transition zone between mussel 16 and tubeworm populations. In this area the transition zone was up to 7 m wide. 17
The second largest field of tubeworms covered an area of about 600 m 2 and 18 surrounded M1 almost entirely. In this field, the zone of co-occurrence between 19 tubeworms and mussels was very small and it was not observed all along the 20 mussel/tubeworm limit. The field stretched out farther towards the south-southwest 21 and beyond the limits of the study area. 22
The next largest fields of dense tubeworms were located at the eastern and 23 northeastern end of the mosaic. In this area, two fields of about 130 m 2 each were 24 separated by a zone of soft sediments and low fauna presence. A 55 m 2 -large zone of 1 co-occurrence between tubeworms and mussels could be observed in the vicinity of 2
M4. 3
Juvenile tubeworms were mostly observed as isolated bushes or as small fields in the 4 periphery of the large aggregations of dense tubeworms. Observed juveniles also 5 seemed to occur consistently on carbonate concretions, but generally close to or at the 6 limit between concretions and soft sediments ( Figure 5 ). They were never observed 7 more than 3 m away from the limit of the concretions, and never on the most 8 protruding, and likely thicker, concretions. Mussels were also observed within 9 populations of juvenile tubeworms, where those bordered the mussel beds. 10 Senescent and/or recumbent populations were rarely observed, and never within the 11 main tubeworms aggregations. The main occurrences were located in the periphery of 12 larger fields of tubeworms. Additionally, senescent tubeworms were often located 13 over soft sediments (Table 1) Clam communities seemed limited to the areas covered by soft sediments (Table 1) . 1
For instance, clusters of living vesicomyids were scattered across the mosaic but were 2 almost consistently (273 out 276 clusters) observed in the areas covered with soft 3 sediments (Table 1) . Furthermore, 241 out of 276 clusters of living vesicomyids were 4 located in patches of dark reduced sediments, which correspond to 94% of the total 5 area (88 m 2 ) covered by clusters of living vesicomyids (Table 1) . Generally, dead 6 vesicomyids were more commonly observed on carbonate concretions (13%) than 7 living (2%) and mixed (5%) vesicomyids. 8
The vesicomyid population was very patchy and heterogeneously distributed within The least-colonized zone was located to the south of the large mussels and tubeworms 22 communities located in the middle of the survey area. It covered an area of about 23 1000 m 2 and was mostly composed of soft, bioturbated sediments. 24 Areas of coverage by dense mussels, tubeworms and clams were computed for both 10 the Biozaire and the WACS faunal distribution maps ( Table 2) . Areas of sparse mussel 11 and sparse tubeworm occurrence are not shown due to too large errors in delineating 12 sparse aggregations. In addition, to keep consistency with previous work on the 13 Biozaire mosaic, areas with co-occurrence of living mussel and tubeworm are given 14 (Table 2) . Given a total common area of 4605 m 2 between the Biozaire and the WACS 15 mosaics, areas can be expressed in percentage of cover of the overlap area. According 16 to these calculations, coverage changes were very low and remained below 2% of the 17 total overlap area for every category. Patches of living tubeworms, tubeworms with 18 mussels and mixed (dead and living) clams underwent the largest changes, with 19 coverage increases of up to 1.5, 1.3 and 1.2% of the total overlap area respectively 20 ( Table 2 ). The total areal extent of the other assemblages showed almost no change. 21
Overall, the distribution of the carbonate concretions over the study area did not 22 change between the Biozaire and the WACS cruises. The higher resolution of the new 23 mosaic allowed better definition of the limits of the concretions, especially in areas 24 covered with tubeworms or mussels, and no major new area of occurrence was 25 observed. On the contrary, in many places the carbonate concretions tended to slightly 1 disappear under a thin sediment cover. Faunal and carbonate distribution 5
The mosaic and the distribution map of the megafaunal communities give a very 6 detailed view and full coverage of the entire study area. The results show that the 7 megafauna at Regab is concentrated mainly in three distinct areas of high fauna 8 presence, separated by areas of relatively lower presence. Such distribution indicates 9 that the chemical fluxes that are required to sustain these chemosynthetic communities 10 are heterogeneous over the study area. Indeed, the distribution of the main faunal 11 assemblages showed a concentric spatial zonation pattern starting from mussel beds in 12 the middle to tubeworms and finally fields of vesicomyids towards the outside. In our 13 study this spatial zonation pattern from mussels to vesicomyid clams was observed, to 14 various extents, around the three main mussel areas (M1, M2/M3, M4). Co-occurrence of mussels and tubeworms is commonly observed at the transition 11 between the two populations. In such zones, numerous mussels are observed onto the 12 tubes of the vestimentiferan aggregations that directly border the mussel beds. This 13 could be the result of space limitations within the mussel beds, which would constrain 14 mussels to invade neighboring tubeworm aggregations. Indeed, the dual symbiosis of 15 B. aff. boomerang allows this species to use both methane and sulfide, similarly to 16 several other seep and vent mussels of the Bathymodiolus genus (Duperron et al. Biozaire and WACS mosaics. Furthermore, small perspective distortions can, in 10 places, impact the precision of the relative geo-referencing of the mosaics, or make a 11 same feature look larger on one mosaic than on the other. Finally, the delineation 12 process is a manual step that highly depends on the interpretation and precision of the 13 observer. For all these reasons, mapped features may look different and discrepancies 14 in the computed areas may arise that are difficult to evaluate. Nevertheless, 15 considering all these possible sources of uncertainty and the large size of the study 16 area, the computed areas are remarkably consistent between the two mosaics. Indeed, 17 quantitative results showed that the changes in coverage per category are lower than 18 2% of the overlap area, which suggest very little change between the two mosaics. 19 However, based on qualitative observations described below, we consider that the 20 Bathymodiolus heckerae), and reported that about 50% of the area originally covered 9 by living mussels at one site had been, after a period of 15 years, either replaced by 10 dead mussel shells or colonized by tubeworms (Lamellibrachia spp. or Escarpia 11 laminata). Interestingly, as we observed at Regab, the hydrothermal vent mussel 12 population of Bathymodiolus azoricus, was described to be stable on a decadal scale 
Conclusion 14
In this study, mosaic-based mapping of the faunal distribution over an area of 14,000 15 m 2 shows that the distribution of dominant megafaunal species (mussels, tubeworms, 16 clams) at Regab is mostly concentrated within three main megafaunal aggregations. 17
Within these three main aggregations, the faunal arrangement follows the same spatial 18 pattern with the methanotrophic mussels in the middle, then the vestimentiferans and 19 finally the vesicomyid clams on the outer zone. We interpret that each of these 20 patterns is centered on a zone of high flux of methane-enriched fluids. Such zones of 21 high fluid flow are responsible for the spatial variation of intensity of the fluxes 22 reaching the upper sediments and, hence, structure the distribution of the 23 chemosynthetic megafauna in the pockmark. 24 In addition, this study is the first to describe the 10-year variation of the megafauna 1 distribution in a cold seep environment over a 4600 m 2 -large area. Through 2 quantitative comparison of the two mosaics, it reveals that the overall size of the 3 dominant megafaunal populations of Regab did not change significantly (< 2% of the 4 comparison area), which indicates that the intensity of the methane and sulfide fluxes 5 that reach the faunal communities has been globally stable at the scale of the 6 comparison area. We interpret that such continuity could be related to the presence in 7 the sediments of gas hydrate deposits acting as "capacitors" for the methane fluxes. 8
Nevertheless, this study also shows that small-scale and discrete distribution changes 9 have occurred, as already observed at other seep and vent sites, but were too small to 10 be reliably quantified with our methodology. Those changes occurred mainly within 11 the living population of vesicomyid clams; this suggests that the clam community was 12 exposed to more transient fluxes than the mussel and tubeworm communities. almost the same areas of the seafloor; (a) at M2, some areas previously devoid of 3 mussels are now fully colonized by mussels; (b) at M1, small beds of living mussels in concentric patterns with the mussels in the middle, then the tubeworms on thick 4 concretions, and finally the vesicomyid clams in the sediments around. Mussels are 5 present in an area of intense flux with significant release of methane to the water 6 column. A transition zone is observed where mussels are present at the bottom and on 7 the tubes of the vestimentiferans. Vestimentiferans are present on carbonate 8 concretions but reach the sediments with their roots. Through sulfate release, they 9 maintain the AOM and the sulfide production. Juvenile tubeworms are distributed 10 near the limit of the crusts where the sulfide fluxes from the sediments are likely 11
higher. The presence of dark reduced sediments around the concretions indicate that 12 part of the methane and sulfide fluxes are redirected from under the crusts towards 13 more sulfate-rich zones where AOM occurs. Populations of vesicomyid clams occur 14 in the sediments around. Their patchy distribution suggests that it is controlled by 15 discrete and transient fluxes from below. 16
